The growing interest in layered materials for room-temperature electronic applications has led to considering the introduction of novel two-dimensional (2D) systems. 1, 2 In this context, honeycomb homonuclear 2D sheets, such as graphene, i.e., silicene 3 , germanene, 4, 5 and more recently stanene, 6 all belonging to the carbon group, have been synthesized. Furthermore, in the nitrogen group, phosphorene, arsenene and antimonene, [7] [8] [9] [10] have been theoreticall/experimentally considered; being obtained as semiconductors with a high hole mobility. In turn, a single layer of bismuth atoms has recently been found to possess a buckled configuration, exhibiting semiconducting properties with an indirect band gap of 500 meV. 11 This new hexagonal homonuclear 2D
material, called bismuthene, may be a valuable low-dimensional thermoelectric material similarly to bulk Bi-containing compounds such as Bi2Te3 and BiSb. 11, 12 Indeed, Bi-containing materials have opened new perspective mostly related to topological insulators (TIs). [13] [14] [15] One of the main reasons for the quest of 2D semiconductors is their much better resistance, in contrast to that of semimetal graphene, to the unfavorable short channel effects at the scaling limit in field-effect transistors (FET). 16 In this direction, Chuang et al. 15 have suited XBi (X = B, Al, In, Ga, and Tl) bilayers finding that GaBi, InBi, and TlBi exhibit a nontrivial band topology with Z2 topological invariants, which is induced by spin-orbit coupling (SOC). Moreover, by functionalizing these XBi bilayers, they may become Z2 inversion-asymmetric TIs, [17] [18] [19] exhibiting topological invariant Z2 = 1 and producing remarkable Rashba spin splitting, which can be useful for room-temperature electronic applications.
One of the most accessible ways of tuning the properties of these 2D materials is via hydrogenation processes. 4, 5 For example, it has been predicted that both silicene and germanene, when fully-hydrogenated to form silicane and germanane, respectively, give rise to wide-bandgap semiconductors. 20 Similarly, upon hydrogenation, the SiC honeycomb hetero-sheet and the theoretically predicted 2D stanene undergo dramatic increment in their band gaps (from 2.54 eV to 4.04 eV in the case of SiC and from zero to 0.45 eV in the case of stanene). 21 In this paper, we investigate the topological insulating nature of fullyhydrogenated 2D XBi (X = B, Al, Ga, and In) hetero-sheets in the spatial configurations of hydrogenated bismuthene, or simply bismuthane, induced by SOC. Our results are also compared to their pristine counterparts of XBi. The calculations are performed by employing density functional theory (DFT) calculations without/with inclusion of SOC corrections. [22] [23] [24] [25] [26] We investigate first the equilibrium structures of bismuthane and further three configurations (top, chairlike and boatlike) of the hydrogenated XBi (H-XBi) single layers. Thus, we demonstrate that inclusion of SOC is essential to characterize the band structure and band topology of these low-dimensional materials.
The configurations of the hydrogenated systems were modelled by employing a hexagonal unit cell containing four atoms for the top and chairlike configurations, and eight atoms for the boatlike configuration. The length of the lattice vector c was set to avoid that the interaction between each 2D sheet and its periodic images. Densityfunctional calculations were carried out within the Perdew-Burke-Ernzerhof 24 generalized gradient approximation, using the projector-augmented wave (PAW) method, 25 as implemented in the Vienna Ab-Initio Simulation Package (VASP). [22] [23] [24] [25] [26] A 700 eV kinetic energy cutoff were employed for a 25×25×1 k-point mesh to sample the 2D Brillouin zone (BZ), and a 500 eV cutoff for a 40×1×1 k-point mesh to sample the BZ of the nanoribbons. For the structural optimization, the atoms were allowed to relax until forces below 0.01 eV/Å. The total energy convergence criteria in both geometry optimizations and electronic structure calculations were set to 10 -5 eV. Spin-orbit coupling was taken into account by performing fully non-collinear magnetic structure calculations 26 after obtaining the nonmagnetic ground state of the systems, as implemented in the VASP code.
Before performing the electronic structure characterization for the proposed HXBi sheets, we have examined the crystal structure, dynamic stability, energetics, and electronic properties of bismuthene, which has theoretically been proposed, 11 and may be an interesting platform to incorporate the group-III elements. Our calculations indicate that bismuthene exhibits a buckled equilibrium structure with a buckling parameter Δ = 1.73 Å and a lattice constant a = 4.34 Å (see Figure 1a and Table 1 ), in good agreement with the work of Cheng et al. 11 Here, we additionally show that the calculated phonon dispersion ( Figure 1b ) of a single layer of bismuthene should exhibit a dynamically stable structure. Its band structure obtained without and with SOC is provided in Figure 1c . As reported in Table 1 , this system exhibits a band gap of 0.555 eV without SOC and 0.500 eV with SOC, being in good agreement with previous calculations. where the hydrogen atoms are also alternating on both sides of the sheet, but now in pairs.
Thus, after relaxation, three isomeric bismuthane sheets are obtained, with the top configuration being a little bit less energetically stable among these three configurations.
These structures also serve as starting points for obtaining the fully relaxed H-XBi sheets. The calculated equilibrium lattice constants of bismuthane are 5.51Å and 5.57Å, respectively, for its top and chairlike configurations (Table 1) These angles indicate the formation of a quasi-planar honeycomb structure, upon hydrogenation. We notice that this process occurs in the opposite direction as compared to the transition from graphene to graphane, 21 which tends to be buckled due to the sp 3 hybridization.
In the following, we briefly discuss the energetics of the bismuthane sheets within their equilibrium structures. The cohesive energy per heavy atoms (Ecoh/at) 28 calculated for the three isomeric sheets, indicates that the chairlike (4.23 eV) and boatlike (4.21 eV)
sheets are slightly more stable than the top configuration (4.15 eV), as reported in Table   1 ; although these values are not a guarantee for the thermodynamic stability of these systems. All these three structures are energetically more stable than the equilibrium and top configuration (1.71 eV), respectively (see Table 1 ).
It is more interesting to notice that total hydrogenation dramatically affects the electronic structure of the Bi sheets. The band structure of bismuthane within its chairlike configuration (Figure 2a) , as well as within its boatlike configuration (Figure 2b ), was calculated without/with SOC in order to investigate the effects on the band-gap energy.
As can be seen, in the band structures obtained without SOC there are points where the conduction and valence bands touch each other, for both the chairlike and boatlike bismuthane isomers. This could indicate that these sheets would be essentially gapless materials. However, when SOC is taken into account in the calculations it leads to a large band gap 30 of ~1 eV (1.004 eV for the chairlike and 0.984 eV for the boatlike bismuthane), which is twice larger than the band gap of the bismuthene sheet (see Table 1 ). More interestingly, bismuthane has been found to exhibit topologically protected edge states 31 for nanoribbons, being a potential candidate for room-temperature applications in spintronics. In this sense, we expect that the effects of hydrogenation can significantly alter the electronic structure of the XBi sheets in the sense of obtaining viable materials, exhibiting nontrivial band topology. confirmed by phonon calculations. 17 In Figure S1 (see Supporting Information), we display our calculated phonon spectra of two representative cases of XBi and boatlike HXBi configurations. The optimized structural parameters of the H-XBi hetero-sheets are provided in Table 1 an additional experimental feasibility to all chairlike and probably boatlike H-XBi configurations, although these latter configurations are slightly distorted as compared to the most common boatlike structures, such as that occurring for graphane. As we will discuss in the following, this structural deformation may affect the nontrivial band topology of the hydrogenated XBi single layers.
For completeness of our study concerning the topological characteristics of the HXBi sheets, we also report in Table 1 It is worth to observe that hydrogenation seems to preserve totally band inversions observed in the cases of H-GaBi and H-InBi, especially in their chairlike structures (see Figure 3a for H-GaBi and Figure S2c for H-InBi), which do not exhibit significant structural deformations compared to the initial symmetry of the unit cells. On the other hand, in the case of the boatlike H-GaBi (Figure 3b ) and H-InBi ( Figure S3c ) structures, which are significantly deformed after relaxation, there is only a partial contribution of the s-orbitals in the wave function, which is also present at the bottom of the conduction band. Interestingly, the nature of the band inversions observed in chairlike H-XBi is similar to that of their corresponding pristine XBi sheets (X = Ga and In). Thus, these results indicate that hydrogenation appears to preserve the topological insulating phases of XBi, and may affect the nontrivial band topology of the H-XBi hetero-sheets, depending on their spatial configurations. We recall that this topological feature is markedly different from other 2D TIs, such as a single bilayer tin film, for which hydrogenation leads to a trivial insulator. 34, 35 However, it is still necessary determining nontrivial topological edge states in the ribbons of these H-XBi sheets to classify them as 2D Z2 TIs.
As an appealing case, since indium is not a toxic hazard and is of considerable industrial interest, we have examined more deeply the topological properties of chairlike and boatlike H-InBi (see band structures in Figures S2 and S3 ). As can be noticed by the band inversions, apparently the nature of the topological insulating properties may be affected by the fact that these relaxed boatlike structures are significantly distorted. This is more evident when the atomic number increases for the group-III element, in comparison to other more symmetric boatlike structures. To evaluate the nontrivial edge states in these structures, we have considered large (~9 nm) zigzag nanoribbons of HInBi (chairlike and boatlike) within their relaxed lattice constants, as displayed in Figure   4 .
From the calculated band structures of the nanoribbons, we found two different topologically protected edge states in the chairlike 22-ZNR (Figure 4a) , and in the boatlike 22-ZNR (Figure 4b ). It is seen that these edge states form bands connecting valence and conduction bands and linearly cross the X symmetry point in the BZ. Thus, both configurations exhibit two Dirac cones split owing to the asymmetric edges. As emphasized in Figure 4 , the contribution from the Bi-terminating edges (violet spheres) are indicated by blue circles, while the In-terminating edges (orange spheres) are indicated by red circles in the band structures. From  to X point, the edge bands are described by an odd number of crossings over the Fermi level, indicating that these systems are possibly 2D Z2 TIs, in both the pure phase 14 and upon hydrogenation. As a complement to the topological analysis of the H-XBi sheets, in Figure 5 we have calculated the band-inversion strength (BIS), as defined in References, 14, 36 for both pure and hydrogenated XBi sheets. This quantity gives an indication of how a buckled system is far from a topological critical point and has been useful to classify Bi-containing 2D TIs, which possess a nontrivial Z2 topological invariant. 36 In addition to the analysis of the BIS for the equilibrium structures, we have investigated the effect of strain in the H-XBi sheets, also compared to the pristine XBi counterparts. As is known, strain can lead to topological phase transitions in Bi, Sb, and XBi bilayers. 14,15 Hence, we have obtained both crystal and electronic structures at each value of the lattice constant by relaxing the atomic positions in the buckled state. In Figure   6 , we display the BIS values as a function of strain for the XBi and H-XBi sheets. Again, we notice that the positive BIS values indicate topologically nontrivial phases, whereas
negative BIS values are trivial insulators. Now, similarly to the case of XBi, H-BBi and H-AlBi may reach a condition of TIs under high strain. On the other hand, H-GaBi and H-InBi can be transformed into trivial phases under negative strain lesser than -3.5%
( Figure 6b ). These results also confirm that the overall topological behavior of XBi appears to be preserved upon hydrogenation. These present theoretical results represent significant advances for the understanding of Bi-containing 2D TIs with Z2 topological invariant. In this sense, we expect to stimulate further experimental works to synthesize, characterize, as well as to utilize these new class of low-dimensional materials for fundamental studies and practical applications.
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Calculated phonon spectra of GaBi and boatlike H-GaBi, and band structures of H-XBi (X = B, Al, and In The coefficients , and are the corresponding numbers of atoms, X, Bi and H, present in the unit cell, while = + is the total number of heavy atoms.
29.
Adsorption energy per hydrogen atoms is calculated according to the formula / = − (  −  −  ) , where , , , are, respectively, the total energy of the hydrogenated system, the total energy of the pure counterparts, the energy of an isolated hydrogen atom in its spin-polarized ground state, and the number of adsorbed hydrogen atoms.
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